SUMMARY The relationship between the velocity of the cerebral circulation and the cerebral blood flow was explored at varying levels of PaCO2, systemic arterial pressure, intracranial pressure, and perfusion pressure, using radioisotope techniques in baboons. Only at low flow rates did velocity increase with flow, and then non-linearly; at high rates velocity increased progressively less. Changes in flow are reflected by changes in velocity in such restricted circumstances that mean circulation time is a very unreliable indication of cerebral blood flow.
The introduction of the inert gas clearance method of estimating regional cerebral blood flow (rCBF) using radioactive inert gases (Lassen and Ingvar, 1961) set off a spate of experimental and clinical investigations of the cerebral circulation. A quantitative measurement of the regional volume flow (rCBF) in ml./100 g /min is obtained by measuring the rate of clearance from the brain of 85Kr or 133Xe but the method has been restricted in its use because of the need to puncture the carotid artery for injection of the isotope. The administration of the isotope by inhalation is possible but introduces considerable problems in interpretation (Veall and Mallett, 1966; Obrist, Thompson, King, and Wang, 1967) . The measurement of the mode circulation time (MCT) through the brain of a non-diffusible isotope after intravenous injection has been proposed as a less traumatic method for investigating the cerebral circulation (Oldendorf and Kitano, 1964) . Although this provides information only about the velocity of the circulation, claims have been made for its value in clinical practice: 'The assumption that cerebral blood flow is a reciprocal of mean circulation time ' will not lead to error at the clinical level' (Kak and Taylor, 1967b) .
The purpose of the present study, carried out on baboons, was to determine the validity of this claim by exploring the relationship between rCBF and MCT under varying physiopathological conditions. Cerebral circulation was deliberately stressed by altering either the arterial level of carbon dioxide (PaCO2), or the cerebral perfusion pressure (CPP (Zierler, 1965; H0edt-Rasmussen, 1967) .
b. MCT: The non-diffusible indicator 1311-hippuran was rapidly injected into the inferior vena cava through the femoral vein. The passage of isotope through the brain was monitored by a similar detector system, using an amplifier, pulse height analyzer, tape recorder, and ratemeter, the output of which was filtered and electronically differentiated. The peaks of the resultant bipolar wave form indicate the maximum rate of entry of activity into the field of view of the detector, and the maximum rate of exit from this field; the time between the peaks is the mode transit time.
3. OTHER MEASUREMENTS a. Intracranial pressure (ICP) was recorded from the extradural space using a salinefilled system consisting of a hollow metal bolt screwed into a frontal burr hole connected to a pressure transducer. The output of the transducer was fed to one channel of a dual-channel chart recorder.
b. Systemic arterial pressure (SAP) was recorded from a catheter placed in the aorta through a femoral artery, and connected to a pressure transducer, the output of which was fed to the other channel of the chart recorder.
c. Arterial and sagittal sinus blood P02, pCO2, and pH were measured with direct reading electrodes (Radiometer), making the necessary correction for body temperature (as recorded from a pharyngeal thermometer).
d. The end-expiratory carbon dioxide concentration was continually monitored using an infra-red analyzer (Capnograph-Godart 119).
'Formula (in m-equiv/l.) for mock CSF: Na 145-0, K 3 5, Cl 121-5, H,PO4 2-0, HCO, 25 0.
EXPERIMENTS Four different experiments were performed:
a. In seven animals the PaCO2 was raised by adding CO2 to the inspired gas mixture, or lowered by increasing the stroke volume of the respiratory pump. When the expired CO2 concentration had been steady for five minutes, as shown on the infra-red analyzer, arterial samples were taken and circulation studies carried out; first the MCT was measured and then, a minute later, the injection of Xenon was made and the rCBF calculated over the next 10 minutes.
b. In six animals the perfusion pressure was reduced by raising the ICP by infusion of mock CSF into the cistema magna. This was carried out stepwise, watching the continuous recording of ICP, to allow for distribution of pressure through the head and to enable compensatory mechanisms to operate; and also to avoid a catastrophic reaction of the medulla to sudden injection.
c. In five animals the perfusion pressure was reduced by inducing arterial hypotension. After 50 to 100 ml. blood had been removed from the femoral vein and heparinized to allow re-injection if necessary later in the experiment, Arfonad (trimetaphan camphorsulphonate) was injected and the arterial pressure adjusted by tilting the operating table in either direction. In early experiments a continuous infusion of Arfonad was used but it proved difficult to maintain a stable pressure for long enough to complete the rCBF runs. We found it more practical to give a single injection of 25 to 50 mg which would produce an immediate fall in pressure with very slow recovery over one to two hours, during which we could carry out 10-minute runs at various levels.
d. In six animals the perfusion pressure was increased by infusing angiotensin intravenously.
RESULTS
This paper is concerned with the comparison of MCT and rCBF. In Figs. 1, 3 , 4, and 5, the reciprocal of MCT is plotted on the y-axis and rCBF on the x-axis so that increases in both parameters will be indicated in a positive direction, as a percentage change from control values (100 %); the control values are shown in the Table. (Fig. 1) . As flow increased the curve flattened so that at relatively high flow rates there was little further change in mode circulation time. However, under these conditions ICP continued to rise, suggesting further vasodilatation with consequent increase in brain blood volume -that is, at high flow rates changes in flow were associated with much greater changes in blood volume than in blood velocity (Fig. 2) (Fig. 3) .
Some of the high flow rates obtained in these series of experiments require further explanation. When the intracranial pressure was raised two different types of CBF/perfusion pressure relationships were observed. In some animals the blood flow remained more or less constant until the perfusion pressure fell below 35 mm Hg, while with others there was a marked increase in flow at a pressure in the region of 40 mm Hg, before the expected drop in flow (Fig. 4) . This increase in flow was always accompanied by a Cushing response of rising blood pressure, which was never observed in animals showing no increase in flow. This phenomenon is being investigated and will be the subject of another paper.
During infusion of angiotensin it proved difficult to maintain a constant PaCO2 and some of the high flows obtained with this series of experiments resulted from hypercapnia. These observations will not be discussed further in this paper, which is concerned only with the relationship between MCT and rCBF. It proved interesting to see how the true situation deviated from this simple parabolic relationship. As an example, Fig. 5 shows the results for the hypercapnic series again but with the parabola (Relative Velocity)2 = CBF drawn on the same scale. It will be seen that at normal and slow flow rates the experimental points lie close to the parabola, while at higher flow rates the velocity flattens out and moves away from the parabolic shape. The results of the other two series when plotted in this way show a similar pattern.
CLINICAL IMPLICATIONS Over a limited range of relatively low flows velocity does change with flow, but not linearly. The clinical conditions for which a correlation has been claimed between velocity and other factors commonly regarded as altering flow, have each concerned the restoration of reduced flow to normal: recovery from head injury (Taylor and Bell, 1966) ; recovery from subarachnoid haemorrhage associated with spasm (KakandTaylor, 1967a) ; and the treatment of senile dementia with vasodilators (Ball and Taylor, 1967) . In these particular situations serial circulation time measurements may find some application, but they can never indicate changes in flow in quantitative terms. Moreover, velocity measurements are not regional, although it is possible to discriminate between the left and right sides of the head (Jennett, 1968 (Jennett, , 1970 . Velocity measurements would therefore not be expected to show the abnormal increases in regional flow associated with brain damage of various kinds which rCBF measurements are now revealing in a wide variety of clinical situations (Brock et al, 1969 (Rowan, Cross, Tedeschi, and Jennett, 1970) ; this is in accord with the experimental findings reported here. The assumption that changes in flow will be reflected in changes in velocity is valid in such restricted circumstances that it would seem unwise to base clinical decisions on such measurements.
